A new evaporable electron acceptor material for organic photovol- The field of organic photovoltaics (OPVs) has witnessed rapid advances over the last few years driven by the promise of low-cost, environmentally friendly power. The design and synthesis of new p-type donor materials for use with fullerene acceptors has seen efficiencies in solution processed bulk heterojunction and evaporated OPVs rising to over 9%. 1, 2 In addition, progress has been achieved by the concurrent development of new device architectures and processing methods, leading to an improved understanding of the role of energetics and microstructure on device performance.
An N-ethylated barbituric acid end-capped bithiophene as an electron-acceptor material in fullerene-free organic photovoltaics † The field of organic photovoltaics (OPVs) has witnessed rapid advances over the last few years driven by the promise of low-cost, environmentally friendly power. The design and synthesis of new p-type donor materials for use with fullerene acceptors has seen efficiencies in solution processed bulk heterojunction and evaporated OPVs rising to over 9%. 1, 2 In addition, progress has been achieved by the concurrent development of new device architectures and processing methods, leading to an improved understanding of the role of energetics and microstructure on device performance. 3 To further enhance the performance of OPVs, recent efforts have focused on the development of novel non-fullerene acceptors. Fullerene derivatives make excellent electron accepting materials due to their highly degenerate lowest unoccupied molecular orbitals (LUMO) and moderately high electron mobility. However they are not without their problems, notably their relatively weak absorption profile, deep-lying LUMO levels and relatively narrow band-gaps which, whilst good for charge separation, can result in excessive potential losses and limited open-circuit voltages (V OC ). 4 The development and identification of both p-and n-type materials with electronic, optical, chemical and physical properties suitable for solution processing or vacuum deposition is of paramount importance. Initially small molecule n-type materials were designed specifically for solution processing, based on polyaromatic hydrocarbon diimides, diketopyrrolopyrrole, benzothiazdiazole, and oligothiophene derivatives functionalised with acceptor moieties, 2, 5 and have achieved efficiencies over 2% as drop in replacements for 6,6-phenyl-C 61 -butyric acid methyl esters (PCBM) with the prototypical donor material poly-3-hexylthiophene (P3HT). Encouragingly, in the last year, solution processable non-fullerene n-type materials have been coupled with high performance p-type materials with efficiencies approaching 7%. 6 In contrast, vacuum evaporable n-type materials to replace C 60 are limited, although some progress has been made identifying alternative materials for this role including perylene, oligothiophene 7 and subphthalocyanine derivatives. The gradual development of subphthalocyanines as acceptor materials has seen initial power conversion efficiencies of B2.5% 8, 9 increase to 8.4% in evaporated multi-layered devices. 10 The dearth of suitable non-fullerene acceptors available to be studied with different and promising vacuum compatible p-type materials makes this a key area of research. We have used structure-property relationships (SPRs) in the design of p-and n-type materials for organic field effect transistors (OFETs) 11, 12 and OPVs. 13, 14 Recently we reported a SPR study of a family of functionalised acceptor-donor-acceptor derivatives, where bis-(diethyl-barbituric acid)-2,2 0 -bithiophene (EBB) 1, (Fig. 1) was identified as a lead material exhibiting an electron mobility of 0.26 cm 2 V À1 s À1 in a vacuum deposited OFET. 12 The HOMO and LUMO devices. OPV devices are investigated in both regular and inverted geometry with performance optimisation completed through the use of a hole-transporting optical spacer layer in the inverted geometry to achieve the highest efficiency of 2.6% for an oligothiophene n-type acceptor compound, and highest reported open circuit voltage (V OC ) of 1.38V for a non-fullerene bilayer device. The synthesis of EBB was recently reported. 12 This compound can be accessed on multi-gram quantities and high yield by Knoevenagel condensation of diformyl-2,2 0 -bithiophene with diethyl barbituric acid. The compound is extremely insoluble, but thermally stable up to B415 1C (DSC) and therefore easily purified by vacuum sublimation. Importantly, compared to C 60 EBB has a similar HOMO level but a slightly higher lying LUMO level, which suggests this should favour greater open circuit voltages ( Fig. 1 ).
The normalised UV/Vis absorption profiles of films of EBB and SubPc evaporated onto ITO substrates are shown in Fig. 2 . SubPc shows an intense absorption at 598 nm with a secondary shoulder at 550 nm and is consistent with previous observations. 10, 16, 17 EBB films show a peak absorption at 481 nm with an additional shoulder out to 550 nm that is consistent with our earlier studies on glass.
14 Although the two materials show significant absorption overlap in the range 525-575 nm, peak absorbances are separated sufficiently to allow a determination of the role of each material in a bilayer device, and provide relatively broad total absorption. Photoluminescence (PL) studies of bilayer thin films of SubPc and EBB were undertaken to determine if effective current generation could be extracted from this excitonic pair (Fig. 3) . Excitation of SubPc at 590 nm in the presence of an EBB layer results in a 65% decrease in PL intensity (Fig. 3a) , consistent with that seen in other planar heterojunction systems demonstrating strong dissociation of excitons. 18 Likewise excitation of EBB at 450 nm in the presence of a SubPc layer results in a 46% decrease in PL intensity (Fig. 3b) .
Exciton dissociation from the SubPc should be driven by D LUMO (0.68 eV) (i.e. the difference in LUMO energy between the two materials), whilst dissociation from EBB should be driven by D HOMO (0.63 eV).
Both of these values are greater than the 0.3-0.6 eV required for efficient exciton separation and consistent with these PL results.
To determine electron mobility in the EBB films, electron-only devices with structure ITO/Zr(acac)/EBB (100 nm)/Al (200 nm) were fabricated and the mobility measured by the space-charge limited current (SCLC) method. Zr(acac) has recently been shown as an effective electron transport layer for a range of active materials. 19 A Mott-Gurney fit to the J-V data (Fig. S1 , ESI †) yields a zero-field mobility of m 0 = 1. 21 the value may not provide a significant bottleneck to performance. The precise crystallographic and morphological structure of a small molecule film can significantly impact its absorption and charge transport properties, and this can sometimes be controlled through the underlying layer or substrate. 23, 24 Analysis of EBB thin films deposited onto ITO and various interlayers used in this work were significantly different to EBB films deposited onto octadecylsilane (ODTS) self-assembled surfaces used in the OFET studies. 12 An AFM image of an EBB (50 nm) film grown on ITO (Fig. S2 , ESI †) shows features of B100 nm in size with a surface roughness of 13.8 nm, consistent with the surface structure observed in OFET studies. However, XRD traces (Fig. S3 , ESI †) of EBB films (100 nm) grown on ITO, ITO/SubPc and ITO/Zr(acac) do not show any discernible diffraction peaks, in stark contrast to those from OFET films which showed a strong peak at 2y = B6.21. Although the ITO itself produces a series of characteristic peaks, these can be assigned across all samples and are usually not sufficiently intense to mask peaks from a subsequent layer. 23 The data suggests that the highly crystalline films formed in the OFET study were driven by a favourable interaction between the EBB and ODTS treated surface, whilst in this work the rougher underlying films do not show a similar interaction and lead to significantly less crystalline, even amorphous films. The lower mobility observed with these EBB films is consistent with this lower degree of crystallinity. The SubPc/EBB system was evaluated in OPV devices based on the regular architecture of ITO/MoO x (5 nm)/SubPc (15 nm)/ EBB (20 or 40 nm)/BCP (8 nm)/Al (200 nm), with J-V curves, EQE and reflective geometry absorption profiles shown in Fig. 4 , and performance parameters for all devices in Table S1 (ESI †) . Measuring absorption profiles in a reflective geometry, whereby the probe beam enters the structure through the transparent electrode, reflects from the back electrode and then passes through the transparent electrode before being measured, provides a total absorption profile of a complete OPV device as it would be under operation. 25 This is particularly important for OPV devices containing thin discrete layers where deviation from Beer-Lambert behaviour is likely through optical interference effects which can dominate the absorption profile. At an EBB thickness of 20 nm a short-circuit current density (J SC ) of 2.34 mA cm À2 , V OC of 1.38 V and fill factor (FF) of 0.4 are produced resulting in a power conversion efficiency Z p = 1.28%. This V OC is the highest reported for single junction devices to date, exceeding that of recent high V OC devices using subphthalocyanine acceptor materials. 9 The fact the V OC is equal to the calculated interface gap of the system (the difference between the donor HOMO and acceptor LUMO) is unexpected as a minimum 0.3 eV loss is usual. However, although the HOMO levels are determined through UPS, LUMO levels are only estimated via optical band measurements and are thus prone to significant error. 12, 17 A similar result is observed with SubPc/ C 60 junction cells which typically show V OC values B1.1 V, hence the absolute change in V OC upon replacing C 60 with EBB is consistent. 9 The EQE of the 20 nm EBB device shows a dominant SubPc contribution to the photocurrent with only a weak contribution from the EBB at B400-500 nm. The reflective geometry absorption spectrum confirms that this is largely a result of poor absorption in this region as it is also dominated by the SubPc peak at B590 nm. To address the low absorption profile a thicker layer of EBB (40 nm) was examined. Unfortunately the increased absorbance is met with a decrease in J SC and FF, with the latter caused by a significant kink in the J-V curve. This is indicative of a charge accumulation site forming in the device, likely caused by the poor electron mobility of the EBB at these thicker layers. With the acceptor thickness therefore limited to around 20 nm an alternative strategy was investigated to enhance current generation. Optical interference effects in discrete layer OPVs utilising reflective back electrodes are increasingly well understood. In particular it is known that an optical field intensity node is formed at the reflective electrode interface, limiting the optical intensity, and hence absorption, close to this interface. 3 In regular architecture bilayer devices the optimum acceptor layer thickness tends to be significantly greater than the optimum donor layer thickness, and this is likely due to the need to move the active interface away from this low absorption region. 9 This is effective only when the electron mobility of the acceptor is sufficiently high (such as for C 60 ), but for EBB the regular architecture devices show this to not be a viable solution.
Optically transparent, charge transporting spacer layers have been used extensively in tandem OPV cells to control the positioning of sub-cells within the optical field, 26, 27 and have seen some use in single junction devices where increasing layer thicknesses has not been desirable. 28 Replacing the BCP with an electron-transporting spacer layer would be ideal, however hole-transporting spacer layers are more developed and so we investigate an inverted architecture using an NPD:MoO x hole-transporting spacer layer. 26 A series of inverted devices of structure ITO/Zr(acac)/EBB (20 nm)/SubPc (20 nm)/NPD : MoO x (6 : 1, 10-50 nm)/Al (200 nm) were fabricated. By keeping the thickness of both active layers fixed at 20 nm the effect of the spacer layer could be monitored as the distance from the reflective electrode to the D/A interface changed from 30-70 nm. J-V, EQE and reflective geometry absorption plots are also shown in Fig. 4 with key parameters again in Table S1 (ESI †). The V OC of the inverted devices was in the range 1.24-1.28 V, B0.1 V lower than those recorded for regular architecture devices. The J SC showed a significant improvement over regular architecture devices, with 3.85 mA cm À2 obtained at a spacer layer thickness of 20 nm, then decreasing at both increasing and decreasing spacer thickness. The FF was also significantly higher (B0.5) than regular architecture devices, resulting in an average peak power conversion efficiency of 2.39% (2.57% best pixel) with a 20 nm spacer layer which compares favourably to an optimised SubPc/C 60 planar junction device (3%). 9 EQE and reflective geometry absorption measurements provide an insight into the origin of this improvement in J SC . Comparing the inverted architecture device with a 20 nm spacer layer to the regular architecture device with a 20 nm EBB layer an improvement in EQE is observed across the spectrum, with an increase from 0.28 to 0.36 at the peak around 585 nm (approximately the peak absorption of SubPc) and from 0.13 to 0.27 at 480 nm (the peak absorption of EBB).
In summary, we have demonstrated a new type of electron acceptor material for evaporable organic photovoltaics based on an N-ethyl barbituric acid bithiophene derivative. The material, having frontier orbital energies comparable to the commonly used fullerene derivatives, was demonstrated to effectively quench excitons in both directions when combined with a SubPc donor material. Devices employing this donoracceptor combination showed exceptionally high V OC values up to 1.38 V; amongst the highest reported for single junction devices. Despite a relatively low OPV-geometry electron mobility, inverted architecture cells employing a hole transporting optical spacer layer achieved power conversion efficiencies of almost 2.6%. Whilst modest in terms of current state of the art devices, it is worth noting that this efficiency is B86% of that obtained from an optimised SubPc/C 60 based device, proving the potential of the these types of n-type material to compete with fullerene derivatives when used in higher performing multijunction and cascade devices. 
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